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SUMMARY 
To examine t h e  e f f e c t  o f  b r o m i n a t i o n  o f  carbon f i b e r s  on t h e  c o e f f i c i e n t  
o f  thermal expansion (CTE) o f  carbon f i b e r  epoxy composi t e s ,  seve ra l  p r i  s t i  ne 
and brominated carbon f i b e r  - epoxy composite samples w e r e  s u b j e c t e d  t o  thermo- 
I mechanical a n a l y s i s .  The CTE's o f  these samples w e r e  measured i n  t h e  u n i a x i a l  
a and t ransve rse  d i r e c t i o n s .  The CTE was dominated by t h e  f i b e r s  i n  t h e  u n i a x i a l  
Pa d i r e c t i o n ,  w h i l e  i t  was dominated by t h e  m a t r i x  i n  t h e  t r a n s v e r s e  d i r e c t i o n s .  
B romina t ion  had no e f f e c t  on t h e  CTE o f  any o f  t h e  composi tes.  
t h e  CTE of  f i b e r  tow was measured i n  t h e  absence o f  a polymer m a t r i x ,  u s i n g  an 
e x t e n s i o n  probe. The r e s u l t s  from t h i s  technique were  i n c o n c l u s i v e .  
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INTRODUCTION 
A s  an e n g i n e e r i n g  parameter,  t h e  c o e f f i c i e n t  o f  thermal expansion p l a y s  
an i m p o r t a n t  r o l e  i n  p o s i t i o n  s e n s i t i v e  s t r u c t u r a l  components t h a t  a r e  exposed 
to  temperature extremes, such as o r b i t i n g  s a t e l l i t e  antenna d i shes  and s o l a r  
dynamic power systems. I n  o r d e r  t o  l i m i t  t h e  i n f l u e n c e  o f  temperature 
extremes, much of t h e  proposed space s t a t i o n  w i l l  be composed o f  g r a p h i t e  
epoxy composites designed t o  y i e l d  near-zero C T E ' s .  I n  composi te m a t e r i a l s ,  
t h e  o v e r a l l  CTE o f  t h e  p roduc t  i s  i n f l u e n c e d  by t h e  CTE's o f  i t s  c o n s t i t u -  
e n t s .  Hence, i t  i s  i m p o r t a n t  to  understand t h e  thermal p r o p e r t i e s  of any new 
m a t e r i a l  be ing  considered for  composite a p p l i c a t i o n s .  One such m a t e r i a l  t h a t  
i s  b e i n g  considered f o r  conduc t i ve  c o f u n c t i o n a l  space s t r u c t u r e s  i s  brominated 
p i tch-based carbon f i b e r s  ( r e f .  1 ) .  
Th i s  paper addresses t h e  e f f e c t  of b r o m i n a t i o n  of carbon f i b e r s  on t h e  CTE 
o f  t h e i r  composites. I n  a d d i t i o n ,  t h e  CTE o f  t h e  f i b e r s  a lone  was measured. 
MATERIALS AND METHODS 
The u n i d i r e c t i o n a l  composite samples were  f a b r i c a t e d  u s i n g  e i t h e r  PAN- 
based T-300 f i b e r s ,  p i  tch-based P-75, or p i  tch-based P-100 f i b e r s  manufactured 
by Amoco. 
process may be found elsewhere ( r e f .  1 ) .  
7 p e r c e n t  Br2 by weight ,  w h i l e  the  P-75 and P-100 f i b e r s  were a p p r o x i m a t e l y  
15 pe rcen t  Br2 by weight .  
P r i s t i n e  f i b e r s  were  used as-received.  D e t a i l s  o f  t h e  b r o m i n a t i o n  
The T-300 f i b e r s  were a p p r o x i m a t e l y  
The MY720 epoxy was used w i t h  DDS hardener  ( r e f .  2 ) .  
A f t e r  t he  composite was f a b r i c a t e d ,  f ou r  sample cubes were c u t  from each lam i -  
na te  u s i n g  a diamond saw, and t h e i r  d imensions were measured t o  t h e  n e a r e s t  
0.01 mm w i t h  d i g i t a l  c a l l i p e r s .  Care was taken t o  c u t  t h e  samples as o r thogo-  
n a l l y  as p o s s i b l e .  
L i n e a r  expansion d a t a  were c o l l e c t e d  on a Perkin-Elmer TMS-2 thermomechan- 
i c a l  ana lyze r  i n  t h e  temperature range o f  30 t o  130 O C ,  a t  a scan r a t e  o f  
20 OC/min. The CTE was c a l c u l a t e d  o v e r  t h i s  range u s i n g  a two p o i n t  method. 
A l though t h e r e  was c u r v a t u r e  i n  some o f  t h e  da ta ,  t h i s  method y i e l d e d  an aver-  
age expansion ove r  t h i s  temperature range. 
u s i n g  an aluminum standard.  On t h e  f i r s t  sample, t r i p l i c a t e  measurements o f  
t h e  CTE i n  t h e  a - d i r e c t i o n  were ob ta ined ,  f o l l owed  by t r i p l i c a t e  measurements 
i n  t h e  b - d i r e c t i o n  and t h e  c - d i r e c t i o n  ( f i g .  1 ) .  T h i s  p r o v i d e d  a measure o f  
t h e  v a r i a t i o n  w i t h i n  t h e  technique.  On t h e  n e x t  t h r e e  samples, t h e  CTE was 
measured once i n  each d i r e c t i o n .  T h i s  p r o v i d e d  a measure o f  sample to  sample 
v a r i a t i o n .  Since t h e  v a r i a t i o n  w i t h i n  t h e  technique was s m a l l e r  t han  t h e  v a r i -  
a t i o n  w i t h i n  the  samples, t h e  r e s u l t s  r e p o r t e d  for  each composi te a r e  t h e  aver-  
age o f  t h e  f o u r  samples. 
The i n s t r u m e n t  was c a l i b r a t e d  
A s p e c i a l  e x t e n s i o n  probe was used t o  measure t h e  CTE o f  seve ra l  carbon 
f i b e r  tows ( r e f .  3). T h i s  was accompl ished by c lamping t h e  carbon f i b e r  tow 
between two copper c l i p s  and mount ing t h e  c l i p s  between t h e  q u a r t z  sample 
probes. A smal l  drop of  epoxy was used t o  secure each copper- to-carbon j o i n t .  
I n  a d d l t i o n  t o  t h e  s u i t e  of carbon f i b e r s ,  seve ra l  m a t e r i a l s  o f  known CTE were 
prepared i n  a s i m i l a r  fash ion,  and these d a t a  were used t o  generate a s tandard 
curve for  comparison. 
RESULTS AND DISCUSSION 
O f  t h e  two methods chosen t o  s tudy  CTE, t h e  use o f  composite cubes was 
much more r e l i a b l e  than  t h e  use o f  f i b e r  tows. The f i b e r  tow work s u f f e r e d  
from a l a r g e  spread i n  t h e  da ta ,  as i n d i c a t e d  by t h e  nonuni form r e s u l t s  
o b t a i n e d  from metal  w i r e  s tandards.  T h i s  was a t t r i b u t e d  to  nonuni form prepara- 
t i o n  o f  t h e  f i b e r  tow or w i r e  samples, compared to  t h e  composite cubes. Hence, 
o n l y  t h e  composite d a t a  w i l l  be presented.  
There was l i t t l e  d i f f e r e n c e  i n  t h e  observed va lues o f  CTE b e f o r e  and 
a f t e r  b r o m i n a t i o n  i n  t h e  u n i a x i a l  a - d i r e c t i o n ,  as shown i n  t a b l e  I. For exam- 
p l e ,  t h e  p r i s t i n e  P-75 composi te had a va lue  of -1.520.1 ppm/K w h i l e  t h e  bro- 
minated composite had a va lue  o f  -1.750.5 ppm/K. L i kew ise ,  t h e r e  was l i t t l e  
d i f f e rence  i n  the  t r a n s v e r s e  b- and c - d i r e c t i o n s .  The p r i s t i n e  and brominated 
P-75 composites had CTE va lues i n  the  b - d i r e c t i o n  o f  3222 and 3422 ppm/K, 
r e s p e c t i v e l y ;  w h i l e  they  had va lues i n  t h e  c - d i r e c t i o n  o f  3025 and 3624 ppm/K, 
r e s p e c t i v e l y .  Th i s  r e s u l t  i s  n o t  s u r p r i s i n g  when one cons ide rs  t h a t  t h e  CTE 
i n  t h e  a - d i r e c t i o n  i s  c o n t r o l l e d  by t h e  a-ax is  expansion of t h e  g r a p h i t e  l a t -  
t i c e  w i t h i n  the  f i b e r ,  w h i l e  t h e  CTE's i n  the  t r a n s v e r s e  d i r e c t i o n s  a r e  con- 
t r o l l e d  by b o t h  the  c-ax is  expansion of t h e  g r a p h i t e  l a t t i c e  w i t h i n  t h e  f i b e r s  
and t h e  expansion o f  t h e  m a t r i x .  
Whether t h e  b r o m i n a t i o n  r e a c t i o n  i s  a d s o r p t i o n  or i n t e r c a l a t i o n ,  bromina- 
t i o n  does n o t  seem to  a l t e r  t h e  g r a p h i t e  l a t t i c e  s i g n i f i c a n t l y .  
b romina t ion  does a l t e r  t he  surface c h a r a c t e r i s t i c s  o f  the  f i b e r  to  an e x t e n t  
measurable by i n t e r l a m i n a r  shear s t r e n g t h  ( r e f .  l), t h i s  a l t e r a t i o n  goes 
unno t i ced  i n  terms o f  CTE. 
A l though  
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The observed CTE va lues  i n  t h e  u n i a x i a l  d i r e c t i o n  w e r e  o f  t h e  same 
o r d e r  o f  magnitude as va lues  o f  p y r o l y t i c  g r a p h i t e ,  and showed a t r e n d  w i t h  
i n c r e a s i n g  g r a p h i t i z a t i o n  s i m i l a r  to  t h e  t r e n d  i n d i c a t e d  by t h e  manufacturer .  
P y r o l y t i c  g r a p h i t e  has a CTE va lue  o f  -0.6 ppm/K p a r a l l e l  t o  t h e  p lane  o f  depo- 
s i t i o n ,  and Amoco i n d i c a t e s  t h a t  t h e  CTE va lues o f  t h e  p r i s t i n e  T-300, P-75, 
and P-100 f i b e r s  a re  -0.5, -1.3, and -1.6 ppm/K, r e s p e c t i v e l y  ( r e f s .  4 and 51. 
The CTE va lues i n  t h e  t r a n s v e r s e  d i r e c t i o n s  were l e s s  than t h e  52 ppm/K o f  t h e  
neat  r e s i n  and more than t h e  23 ppm/K of p y r o l y t i c  g r a p h i t e  measured perpendic-  
u l a r  to  the  p lane  o f  d e p o s i t i o n ,  i n d i c a t i n g  t h a t  t h e  t h e  c -ax i s  expansion o f  
t h e  composite has c o n t r i b u t i o n s  from b o t h  f i b e r s  and m a t r i x  ( r e f s .  2 and 4) .  
The somewhat l a r g e r  v a r i a t i o n  i n  t h e  t r a n s v e r s e  d i r e c t i o n  CTE r e s u l t s  can 
p robab ly  be a t t r i b u t e d  to  a nonhomogeneous f i b e r  d i s t r i b u t i o n  w i t h i n  each com- 
p o s i t e  as w e l l  as d i f f e r e n c e s  i n  f i b e r  l o a d i n g  from composi te t o  composi te.  
The es t ima ted  f i b e r  volume pe rcen t ,  as determined from mass, volume, and f i b e r  
d e n s i t y  data,  v a r i e d  from 51 to  76 pe rcen t .  
made. 
No e s t i m a t e  o f  v o i d  c o n t e n t  was 
I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  f i b e r s  have a n e g a t i v e  CTE i n  t h e  
a-ax is  d i r e c t i o n ,  which becomes more n e g a t i v e  w i t h  an i n c r e a s i n g  degree o f  
g r a p h i t i z a t i o n .  
m a t r i x ,  makes these f i b e r s  u s e f u l  i n  t a i l o r i n g  a near-zero CTE f o r  o r b i t i n g  
space s t r u c t u r e s .  
t h e  way fo r  c o f u n c t i o n a l  s t r u c t u r e s  made from h i g h l y  e l e c t r i c a l l y  conduc t i ve  
brominated p i  tch-based f i b e r s .  
Th is  unusual p r o p e r t y ,  combined w i t h  t h e  p o s i t i v e  CTE o f  t h e  
The f a c t  t h a t  b r o m i n a t i o n  does n o t  a l t e r  t h i s  p r o p e r t y  paves 
CONCLUSIONS 
The b r o m i n a t i o n  o f  carbon f i b e r s  has l i t t l e  e f f e c t  on t h e  c o e f f i c i e n t  o f  
thermal expansion o f  carbon f i b e r  - epoxy composites. The CTE i n  t h e  u n i a x i a l  
d i r e c t i o n  i s  dominated by t h e  a-ax is  expansion o f  t h e  carbon f i b e r s  w h i l e  t h e  
CTE's i n  t h e  t ransve rse  d i r e c t i o n s  a re  dominated by b o t h  t h e  c -ax i s  expansion 
o f  t h e  carbon f i b e r s  and t h e  m a t r i x .  The n e g a t i v e  CTE o f  t h e  brominated 
f i b e r s  combined w i t h  t h e  p o s i t i v e  CTE o f  the  m a t r i x  make these m a t e r i a l s  s u i t a -  
b l e  for  t a i l o r i n g  c o f u n c t i o n a l  composite space s t r u c t u r e s  w i t h  near-zero t h e r -  
mal expansion. 
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TABLE I .  - COEFFICIENT OF THERHAL EXPANSION ( i n  ppm/K) OF 
PRISTINE AND B W I N A T E D  CARBON FIBER - EPOXY COnPOSITES, 
AS HEASURED I N  THE TEHPERATURE RANGE OF 30 t o  130 O C  
a-Di rect ion 
-1.633.4 
-1.k1.2 
Pr is t ine T-300 
Bmni nated T-300 
b-Di rect ion c-Di rection 
25+3 25+1 
32+_ 1 29t 1 
Pr is t ine P-75 
Bromi nated P-75 
Pr is t ine P-100 
Brominated P-100 
-1.5io. 1 32+2 3Q5 
-1.733.5 34*2 36*4 
-2.133.8 52*2 41t2 
-1.833.3 42+2 41+1 
I 
C 
FIGURE 1. - SCHEMATIC DIAGRAM OF A UNIAXIAL CARBON FIBER - EPOXY 
COMPOSITE SHOWING THE A-. B-. AND C- DIRECTIONS. 
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